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Nanograined  Nio.sCOo.sSQFe^C^  (x  =  0,  0.05,  0.1  and  0.2)  spinel  ferrites  were  prepared  by  sol-gel  self¬ 
combustion  method  and  heat  treatment  at  900  C  for  4h.  Their  structure  and  surface  properties  were 
investigated  by  X-ray  diffraction,  scanning  electron  microscopy,  EDX  spectroscopy  and  BET  analysis.  The 
catalyst  properties  of  the  ferrite  nanopowders  were  tested  in  the  catalytic  combustion  of  acetone,  propane 
and  benzene.  The  results  revealed  that  the  partial  substitution  of  Fe3+  by  Sc3+  ions  on  the  octahedral  sites 
of  spinel  structure  of  Nio.5Coo.5Fe2C>4  ferrite  has  a  favorable  effect  on  the  catalytic  activity  of  this  ferrite. 
The  Nio.sCOosSco^Fe]  g04  ferrite  composition  was  found  to  be  the  most  active  catalyst  and  can  be  a 
good  candidate  for  catalytic  combustion  of  propane  and  acetone  at  moderate  temperatures.  The  acetone 
conversion  over  this  catalyst  exceeds  90%  at  400  “C.  The  enhancement  of  the  catalytic  activity  of  the  Sc 
doped  Ni-Co  ferrites  may  be  ascribed  to  smaller  crystallite  sizes  (35-39  nm),  larger  specific  surface  areas 
(29-32  m2/g)  and  the  presence  of  Sc  cations  in  spinel  structure. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  progressive  increase  of  volatile  organic  compound  (VOC) 
emissions  induces  the  development  of  new  methods  for  their 
abatement  from  air  [1-3],  In  comparison  with  conventional  ther¬ 
mal  oxidation,  catalytic  combustion  is  considered  one  of  the  most 
promising  technologies  for  VOC  removal  [2,4],  Catalytic  com¬ 
bustion  is  a  more  economical  process  that  can  operate  at  low 
temperature  (<500°C)  with  dilute  effluent  streams  (<1%  VOC)  [4], 
The  performance  of  catalytic  combustion  strongly  depends  on  the 
catalyst  used.  Two  categories  of  catalysts  are  generally  employed 
for  VOC  catalytic  oxidation  reaction:  (i)  noble  metal  (Pt,  Pd,  Rh)  and 
(ii)  transition  metal  oxides. 

In  the  recent  years  many  efforts  have  been  directed  toward 
producing  catalytic  materials  based  on  simple  and  mixed 
transition-metal  oxides  to  replace  the  expensive  noble  metal  cata¬ 
lysts.  Metal  oxide  catalysts,  although  less  active  than  noble  metal 
catalysts,  have  certain  advantages,  such  as  low  price,  earthly  abun¬ 
dance,  high  chemical  and  thermal  stability,  high  resistance  to 
poisoning  and  the  easy  way  of  preparation  [5-11],  Spinels  and 
perovskites  are  the  most  studied  oxide  compounds  in  the  context 
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of  VOC  catalytic  combustion.  As  a  novel  catalytic  material,  oxide 
compounds,  called  spinel  ferrites,  are  extensively  investigated  as 
catalysts  in  the  flameless  combustion  of  volatile  organic  com¬ 
pounds  (VOCs)  [12-15], 

Ferrites  are  mixed  transition  metal  oxide  compounds  with  a 
spinel  cubic  structure  and  can  be  described  by  the  general  formula 
M2+Fe23+04,  where  M2+  is  a  divalent  metal  ion.  The  spinel  config¬ 
uration  is  based  on  a  face  centered  cubic  lattice  of  oxygen  ions, 
forming  tetrahedral  (A)  and  octahedral  (B)  sites  that  may  be  occu¬ 
pied  either  by  M2+  and/or  Fe3+  ions.  In  normal  ferrite,  M2+  ions 
occupy  the  tetrahedral  sites  and  Fe3+occupy  the  octahedral  sites.  If 
divalent  cations  M2+  occupy  the  octahedral  sites  and  Fe3+  cations 
are  distributed  among  tetra  and  octahedral  sites,  the  spinel  is  called 
inverse  spinel  [16], 

The  catalytic  properties  of  the  spinel  ferrites  are  influenced  by 
the  distribution  of  cations  among  the  octahedral  and  tetrahedral 
sites  in  the  spinel  structure  [15],  Jacobs  et  al.,  [17]  suggested  that 
in  the  spinel  structure,  the  octahedral  sites  are  almost  exclusively 
exposed  at  the  surface  of  the  spinel  crystallite  and  that  the  catalytic 
activity  is  mainly  due  to  octahedral  cations. 

The  preparation  of  spinel  ferrites  as  nanopaticles  is  of  high  inter¬ 
est  because  they  exhibit  improved  physico-chemical  properties  for 
catalytic  combustion  applications.  The  smaller  the  particle  size, 
the  larger  the  surface  area  is  in  front  of  gases.  There  is  a  variety 
of  methods  [10,18-25]  for  preparing  the  nanocrystalline  ferrites. 
For  any  practical  wide-scale  application,  the  price  of  catalyst  has 
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to  be  reasonably  low.  To  meet  this  demand,  simple  and  inexpen¬ 
sive  methods  of  ferrite  synthesis  appear  to  be  attractive.  In  the 
present  study  a  non-conventional  procedure,  sol-gel  coupled  with 
self-combustion,  was  used  [10].  This  combined  method  implies  a 
low  cost  and  allows  the  preparation  of  the  ferrite  nanoparticles  with 
molecular  scale  homogeneity  over  a  wide  range  of  particle  size. 

The  objectives  of  this  work  were  to  synthesize  nanosize- 
structured  scandium  containing  Ni-Co  ferrites  and  also  to  evaluate 
their  catalytic  activity  in  the  VOC  combustion.  Until  now  the  cat¬ 
alyst  properties  of  Sc  doped  Ni-Co  ferrites  prepared  by  sol-gel 
self-combustion  have  not  been  investigated.  Lei  Ze  et  al.  [26]  have 
investigated  catalytic  activity  of  Sc-doped  Lao.sSi'o^Fe^xScxC^d 
perovskite  (x  =  0-l)  for  methane  combustion  and  good  catalytic 
activity  was  obtained  at  a  Sc  doping  of  0.5.  Hosseini  et  al.  [27] 
investigated  the  catalytic  activity  of  Ni-Co  ferrite  on  the  growth 
of  carbon  nanotube  and  indicated  an  inverse  spinel  structure  for 
Ni-Co  ferrite.  This  means  that  Ni2+  and  Co2+  cations  occupy  the 
octahedral  sites  and  Fe3+  cations  occupy  octahedral  and  terahedral 
sites  equally.  This  cation  distribution  favors  the  availability  of  cat¬ 
alytic  sites  exposed  at  the  surface  of  the  spinel  crystallites  [17], 
Pakhomova  et  al.  [28]  evidenced  by  magnetic  measurements  that 
Sc3+  ions  prefer  the  octahedral  sites  only. 

The  structural  and  catalytic  properties  of  Sc  containing  Ni-Co 
ferrites,  Nio.5Coo.5ScxFe2_x04  (x  =  0,  0.05,  0.1  and  0.2),  were  inves¬ 
tigated  by  X-ray  diffraction  (XRD),  scanning  electron  microscopy 
(SEM),  BET  surface  area  measurements,  energy-dispersive  X-ray 
spectroscopy  (EDX)  and  catalytic  flameless  combustion  of  acetone, 
benzene  and  propane. 

Our  study  can  have  applications  in  finding  a  suitable  candidate 
of  doped  ferrite  nanocrystals  as  catalyst  for  combustion  of  VOCs. 

2.  Experimental 

2.1.  Preparation  of  the  catalyst  materials 

In  this  paper  Nio.5Coo.5ScxFe2_x04  (x  =  0, 0.05, 0.1  and  0.2)  ferrite 
nanocrystals  were  prepared  by  sol-gel  self-combustion  route  [29] 
which  offers  a  homogeneous  mixing  (considering  the  very  small 
scandium  additions)  and  the  control  of  the  grain  size  by  subsequent 
heat  treatment.  It  is  not  possible  to  replace  much  of  the  Fe  by  Sc 
ions  because  the  ionic  radius  of  Sc3+  (0.088  nm)  is  much  greater 
than  the  radius  of  Fe3+  (0.069  nm)  [30]. 

Metal  nitrates  were  used  as  precursors.  The  preparing  method 
included  the  following  steps:  (1)  dissolution  of  metal  nitrates  in 
deionized  water;  (2)  polyvinyl  alcohol  (10%  concentration)  addi¬ 
tion  to  nitrate  solution  to  make  a  colloidal  solution;  (3)  NH4OH 
(10%  concentration)  addition  to  increase  pH  to  about  8;  a  sol  of 
metal  hydroxides  in  polyvinyl  alcohol  and  ammonium  nitrate  were 
obtained;  (4)  stirring  at  80  °C  for  10  min  to  turn  the  sol  of  metal 
hydroxides  into  viscous  gel;  (5)  drying  the  gel  at  100  °C  for  12  h;  (6) 
self-combustion;  the  dried  gel  was  locally  ignited  by  an  electrically 
heated  wire  and  an  exothermic  reaction  takes  place.  Once  initi¬ 
ated,  the  combustion  wave  spontaneously  auto  propagated  (less 
than  30  s)  through  the  dried  gel  and  results  a  loose  powder.  During 
the  combustion  reaction  the  temperature  is  of  about  1000°C  and 
the  nucleation  of  very  fine  crystallites  takes  place;  (7)  calcination 
at  550  °C  for  1 5  min  of  the  burnt  powder  to  eliminate  any  residual 
organic  compound;  (8)  heat  treatment  of  the  calcined  powders  at 
900  °C  for  4  h,  in  air,  to  achieve  a  complete  crystallization  of  ferrites. 

2.2.  Catalysts  characterization 

The  crystal  structure  and  phase  composition  of  the  samples 
were  analyzed  by  XRD.  X-ray  diffraction  measurements  of  the  pow¬ 
ders  were  performed  at  room  temperature  using  PANALYTICAL  X’ 


PERT  PRO  MPD  powder  diffractometer  and  CuKa  radiation.  The 
spectra  were  scanned  between  20  and  80°  (20)  at  a  rate  of  2  °/min. 
The  average  crystallite  size  was  evaluated  based  on  XRD  peak 
broadening  using  the  Scherer  equation  D  =  O.9%//3cos0,  were  %  is 
radiation  wavelength  (0.15405  nm)  of  CuKa,  jB  is  the  half  width  of 
the  peak  and  9  is  the  Bragg  diffraction  peak  angle.  A  scanning  elec¬ 
tron  microscope  (JEOL-200  CX)  was  used  to  visualize  the  surface 
morphology.  A  Quantachrome  automated  gas  adsorption  system 
(Quantachrome  Instruments)  was  used  to  obtain  N2  adsorption 
isotherms  at  77  K.  The  BET  specific  surface  area  (SBet)  was  deter¬ 
mined  using  the  standard  Brunauer-Emmett-Teller  method  [31] 
on  the  basis  on  the  adsorption  data.  The  elemental  composition  of 
the  surface  particles  was  examined  with  Energy  Dispersive  X-ray 
Spectrometer  (Genesis,  EDX)  using  a  voltage  of  20  kV. 

2.3.  Catalytic  testing 

The  catalytic  testing  of  the  ferrite  catalysts  in  the  fiameless  com¬ 
bustion  of  some  selected  VOCs  (acetone,  propane  and  benzene)  was 
carried  out  at  atmospheric  pressure  in  a  flow-type  set-up  (flow 
rate  of  100cm3/min  and  VOC  concentration  in  air  of  l-2%o)  pre¬ 
viously  described  by  us  in  [32,33].  The  catalyst  powder  (0.3-0. 5 g) 
was  sandwiched  between  two  layers  of  quartz  wool  in  a  quartz 
tubular  micro-reactor  (0  =  7  mm)  placed  in  an  electrical  furnace. 
The  increase  of  the  temperature  was  made  in  steps  of  50  °C,  from 
50  °C  to  550  °C.  At  every  predetermined  temperature,  as  a  result  of 
catalytic  combustion,  the  gas  concentration  at  the  exit  of  reactor 
will  be  smaller  than  the  inlet  gas  concentration.  The  catalytic  activ¬ 
ity  of  the  ferrite  catalysts  under  study  was  evaluated  in  terms  of 
the  conversion  degree  of  gases  over  catalysts  calculated  as: 

Conv  =  Qn  -  Cout  x  100%, 

Gn 

where  cin  and  cout  are  the  inlet  and  outlet  gas  concentration,  respec¬ 
tively,  measured  by  a  photo-ionization  detector  (PID-TECH)  for 
VOCs.  Data  were  collected  when  the  flameless  catalytic  combustion 
had  reached  a  steady  state,  after  about  20  min  at  each  temperature. 
These  experiments  were  repeated  decreasing  the  temperature  and 
similar  results  were  obtained  suggesting  the  stability  of  the  ferrites. 

3.  Results  and  discussion 

3.1.  Structural  characterization 

The  XRD  patterns  of  the  Ni-Co  ferrites  with  different  molar 
substitutions  of  Sc3+  are  shown  in  Fig.  1.  Well-defined  sharp  peaks 
of  the  spinel  phase  clearly  seen  in  the  diffraction  patterns  indicate 
a  good  crystalline  quality  of  the  ferrite  powders.  The  XRD  patterns 
were  compared  and  indexed  using  PDF  no  (44-1485)  and  (22-1086) 
for  Ni  and  Co  ferrites.  The  (2  2  0),  (3  1  1 ),  (2  2  2),  (4  0  0),  (4  2  2),  (5  11 ) 
and  (440)  peaks  reveal  that  all  samples  have  the  cubic  spinel  phase 
with  Fd3m  space  group,  without  any  foreign  phase.  A  notable  fea¬ 
ture  in  these  patterns  is  that  the  broadening  of  the  peaks  increases 
continuously  with  increasing  scandium  substitution  in  relation  to 
the  ferrite  without  scandium,  indicating  that  the  scandium  addition 
reduces  the  crystallite  size  of  the  Co-Ni  ferrite.  The  lattice  param¬ 
eters,  average  crystallite  size  and  X-ray  density  derived  from  XRD 
data  are  given  in  Table  1.  One  can  observe  an  increase  in  the  lat¬ 
tice  parameter  with  Sc  content  in  Ni-Co  ferrites  from  8.36  A  for 
x  =  0-8.41  A  for  x  =  0.2  and  this  may  be  explained  by  the  higher  ionic 
radius  of  Sc3+  compared  to  Fe3+  [30  j.  This  result  proves  that  the  Sc3+ 
ions  entered  into  the  spinel  structure  and  did  not  form  a  secondary 
phase  during  the  sintering.  The  lattice  parameter  of  sample  without 
Sc  is  in  agreement  with  that  reported  by  others  for  Ni-Co  ferrites 
[34,35],  Also,  one  can  observe  that  sol-gel  self-combustion  prepar¬ 
ing  method  allowed  the  synthesis  of  the  ferrites  with  nanometer 
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20  [degrees] 

Fig.  1.  XRD  patterns  of  Nin  sCo0  5Sc>:Fc2  .<04  ferrite  powders  after  heat  treatment  at 
900  C  for  4  h. 

size  crystallites.  Using  the  Scherrer  equation,  the  average  crystal¬ 
lite  sizes  were  determined  to  be  between  34.8  nm  and  41.7  nm, 
proving  the  fine  nature  of  the  powders.  The  average  crystallite  size 
slowly  decreased  with  the  Sc  incorporation  and  a  probable  expla¬ 
nation  may  be  a  structural  disorder  induced  by  the  large  Sc  ions 
which  can  lead  to  a  delay  in  the  crystallite  growth.  This  can  also 
explain  why  the  partial  replacement  of  iron  by  scandium  results 
in  a  progressive  increase  of  the  specific  surface  area,  SBet,  with  the 
Sc  content,  as  can  be  seen  in  Table  1.  The  largest  value  (32.3  m2/g) 
ofSBET  was  obtained  for  Nio.5Coo.5Sco.2Fe1  B04  ferrite  composition. 
Similar  values  of  SBet  for  Ni-Co  ferrites  were  reported  in  literature 
[34], 

The  X-ray  density  dx,  (calculated  from  the  molecular  weight  and 
the  volume  of  the  unit  cell,  using  the  relation  dx  =  8 M/Na3,  where  M 
is  molecular  weight,  N  is  Avogadro’s  number  and  a  is  lattice  param¬ 
eter)  was  slightly  modified,  from  5.43  g/cm3  to  5.33  g/cm3,  by  Sc 
insertion  (Table  1). 

The  surface  elemental  composition  of  the  monophasic  fer- 
rospinel  samples  was  checked  by  EDX  analysis.  The  EDX  patterns 
evidenced  the  presence  of  Fe,  Co,  Ni,  Sc  and  O  elements  and  no  other 
impurity  element.  The  elemental  composition  is  given  in  Table  2. 
Each  composition  represents  the  mean  value  of  six  determinations 
in  different  points  of  each  sample.  The  results  given  in  Table  2  reveal 
the  followings:  (i)  There  is  a  difference  between  samples  regarding 
the  Ni  and  Co  surface  content,  (ii)  The  Fe/(Ni  +  Co  +  Fe  +  Sc), 
Ni/(Ni  +  Co  +  Fe  +  Sc),  Co/(Ni  +  Co  +  Fe  +  Sc)  and  Sc/(Ni  +  Co  +  Fe  +  Sc) 
ratios  are  found  to  be  different,  to  some  extent,  to  those  determined 


Table  1 

Lattice  parameter  (a),  average  crystallite  size  (DXrd).  X-ray  density  (dx)  and  specific 
surface  area  (SBet)  of  Ni0.5CooeSc<Fc2  *04. 


X 

a  (nm) 

Dx rd  (nm) 

dx  (g/cm3) 

Sbet  (m2/g) 

0.00 

0.8365 

41.7 

5.43 

26.5 

0.05 

0.8375 

38.8 

5.38 

28.7 

0.10 

0.8399 

35.2 

5.35 

31.7 

0.20 

0.8413 

34.8 

5.33 

32.3 

on  the  basis  of  nominal  composition  (given  in  parenthesis  in 
Table  2).  (iii)  The  atomic  ratio  of  Co/(Ni  +  Co  +  Fe  +  Sc)  reveals  a  sur¬ 
face  enrichment  of  Co  at  the  expense  of  Fe  (see  Fe/(Ni  +  Co  +  Fe  +  Sc) 
ratio)  and  this  may  suggest  a  possible  migration  of  Co  ions  from 
bulk  of  solid  toward  their  surface  during  the  heat  treatment.  These 
findings  indicate  a  heterogeneous  nature  of  investigated  ferrites, 
i.e.  the  chemical  composition  of  the  bulk  is  different  from  that  of 
their  surface  (surface  particles). 

The  morphology  of  the  ferrites  without  and  with  scandium  sub¬ 
stitution  (forx  =  0,  0.1  and  0.2)  can  be  observed  in  the  SEM  images 
given  in  Fig.  2.  These  micrographs  reveal  that,  in  all  the  stud¬ 
ied  systems,  the  nanometric  particles  (<100  nm)  cluster  into  soft 
agglomerates.  Costa  et  al.  [9]  also  reported  a  morphology  consist¬ 
ing  of  soft  agglomerates  of  nanoparticles  smaller  than  lOOnm  in 
Ni-Cu-Zn  ferrites.  There  are  no  large  agglomerates  in  Sc  doping 
samples  and  the  particle  sizes  are  smaller.  Although  the  nanopar¬ 
ticles  are  agglomerated,  some  individual  particles  with  size  below 
50  nm  can  be  observed  (Fig.  2d). 

3.2.  Catalyst  activity 

The  catalyst  activity  of  the  prepared  ferrospinels  was  tested  in 
catalytic  combustion  of  propane,  acetone  and  benzene  within  the 
50-550  °C  temperature  range  at  total  GHSV  of  51 00  h-1 .  The  results 
are  given  in  Fig.  3,  where  the  measured  values  of  gas  conversion  are 
plotted  as  a  function  of  the  reaction  temperature.  Each  datum  is  the 
average  of  three  steady  state  measurements. 

Typical  S-shaped  curves  were  obtained,  describing  the  variation 
of  the  conversion  degree  with  increase  of  the  reaction  temperature 
of  the  catalysts.  These  curves  indicate  that  the  catalytic  activity  of 
the  materials  is  strongly  influenced  by  the  reaction  temperature. 
No  catalytic  activity  was  observed  at  temperatures  below  100  °C. 
Increasing  the  reaction  temperature  promotes  gas  conversion  over 
the  four  ferrite  catalysts.  In  Fig.  3  it  is  obvious  a  temperature  shift 
of  the  S-curves  by  Sc  incorporation  in  Ni-Co  ferrite.  This  shift  to 
lower  temperatures  is  more  pronounced  in  the  range  of  medium 
conversions  and  for  larger  Sc  content  (x  =  0.2).  Compared  to  Nio.5 
Coo.5Fe204,  the  Sc  doped  Ni-Co  ferrite  catalysts  are  more  active  in 
the  gas  oxidation  and  their  catalytic  activity  increased  substantially 
with  an  increase  in  Sc  substitution.  The  effect  of  Sc  content  is  more 
evident  in  propane  combustion.  Fig.  4  plots  the  conversion  degree  of 
the  three  gases  measured  at  300  °C  as  a  function  of  Sc  content  in  fer¬ 
rites.  One  can  remark  that  the  gas  conversion  on  the  Sc  doped  Ni-Co 
ferrites  increased  with  the  increase  in  Sc  amount  and  for  x  =  0.2 
the  highest  conversions  were  achieved  for  propane  and  acetone. 
Over  Nio.5 Coo.5Sco.2Fe1  ,s04  ferrite  catalyst  the  propane  conversion 
is  80%,  whereas  over  pure  Ni-Co  ferrite  the  propane  conversion 
is  50%  only  at  300  C.  The  increase  by  60%  of  the  propane  conver¬ 
sion  by  Sc  doping  of  Ni-Co  ferrite  may  be  ascribed  to  the  structural 
defects  induced  by  Sc  substitution  for  iron  (Table  1 ).  For  benzene, 
the  activity  of  Ni-Co  ferrites  is  quite  poor  at  300  °C.  However  the 
Sc  substitution  for  Fe  determined  a  slight  increase  of  the  benzene 
conversion. 

To  estimate  the  catalytic  activity  of  a  catalyst,  the  temperature 
required  for  50%  gas  conversion,  T50'  is  usually  chosen  as  main  indi¬ 
cator  of  catalytic  activity  of  a  given  catalyst.  At  T5 0,  the  catalytic 
activity  is  sufficiently  high  and  the  interactions  between  catalyst 
surface  and  reactants  are  intense.  The  lower  T5 0  is,  the  higher  is 
the  catalytic  activity  of  a  catalyst.  From  Fig.  5  it  is  clear  the  effect 
of  Sc  on  the  T50  and  implicitly,  on  the  catalytic  activity  of  the  cata¬ 
lysts.  T50  decreased  with  the  increase  of  Sc  content.  In  addition,  one 
can  remark  that  T50  temperature  for  propane  or  acetone  is  much 
lower  compared  to  that  for  benzene.  Taking  the  T5q  into  account, 
the  Ni0.5Co0  5Sc0.2Fei  g04  catalyst  appears  to  be  the  most  active  cat¬ 
alyst  on  which  the  combustion  of  acetone  can  reach  90%  conversion 
at  350  °C.  The  catalytic  performance  of  this  catalyst  is  comparable 


Table  2 

EDX  analysis  of  Nio.5Coo.5ScxFe2_x04  ferrites. 
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X 

O (at%) 

Ni  (at%) 

Co (at%) 

Sc (at%) 

Fe (at%) 

Fe/Mt 

Ni/Mt 

Co/Mt 

Sc/M, 

0.00 

57.16 

7.80 

8.06 

0 

26.98 

0.630(0.667) 

0.182(0.166) 

0.188  (0.166) 

0 

0.05 

51.54 

8.62 

10.40 

0.69 

28.74 

0.593  (0.650) 

0.178(0.166) 

0.213(0.166) 

0.016(0.017) 

0.10 

52.25 

7.29 

9.75 

1.21 

29.49 

0.617(0.633) 

0.153(0.166) 

0.204  (0.166) 

0.025  (0.033) 

0.20 

49.39 

8.09 

9.82 

3.34 

29.36 

0.580  (0.600) 

0.160(0.166) 

0.194  (0.166) 

0.066  (0.067) 

Mt  is  total  amount  of  metallic  composition  (Ni  +  Co  +  Fe  +  Sc)  on  the  surface.  In  parenthesis  are  given  theoretical  values. 


Fig.  2.  SEM  micrographs  for  Nio^Coo.sSqFc^  *04  nanopowders:  (a)x  =  0.0;  (b)x  =  0.1 ;  (c  and  d)x  =  0.2  (notice  a  difference  in  magnification). 


to  that  ofPt/Al203  catalyst  which  could  achieve  the  95%  conversion 
of  acetone  at  300  °C  [36]. 

The  long  term  activity  test  was  carried  out  in  this  work  for 
Nio.5Coo.5Sco.2Fer  804  catalyst  using  propane  gas  only.  The  reac¬ 
tion  temperature  was  set  at  350  °C.  By  a  continuous  operation  of 
the  reactor  for  about  40  h  while  periodically  monitoring  the  con¬ 
version,  very  small  variations  were  obtained.  As  shown  in  Fig.  6,  the 
conversion  of  propane  was  maintained  approximately  constant  (of 
about  90%)  during  the  following  40  h,  without  any  deactivation  of 
the  catalyst,  confirming  that  the  Nio.5Coo.5Sco.2Fe1.gO4  ferrite  is  an 
active  and  stable  catalyst. 

An  interesting  observation  is  that  the  four  ferrites  are  more 
active  catalysts  for  acetone  and  propane  combustion  on  which  con¬ 
versions  higher  than  80%  were  obtained.  Thus,  at  400  °C  (Fig.  3  and 
Table  3 )  the  acetone  or  propane  conversion  is  of  about  90%,  whereas 
the  benzene  conversion  is  below  50%,  either  over  ferrite  catalysts 
with  or  without  Sc.  The  reasons  for  such  a  selective  catalytic  activity 
of  Ni-Co  ferrites  are  not  yet  clear. 

In  Table  3  are  included  the  values  of  the  kinetic  parameters 
(apparent  activation  energy,  Eapp,  and  reaction  rate)  for  gas  oxi¬ 
dation  over  the  four  ferrite  catalysts. 

The  apparent  activation  energies  (£app)  of  the  ferrite  catalysts 
for  the  catalytic  combustion  reaction  of  propane,  acetone,  and 
benzene  were  estimated  from  linear  Arrhenius  plots  for  low  con¬ 
version  regions  (below  15%).  As  shown  in  Table  3,  substituted 
ferrites  present  lower  activation  energy  in  comparison  with  that  of 
unsubstituted  ferrite.  The  smallest  value  of  £app  for  x  =  0.2  offers  an 


explanation  for  the  best  catalytic  activity  of  Nio.5Coo.5Sco.2Fe1  g04 
ferrite.  The  values  of  activation  energy  obtained  by  us  are  compa¬ 
rable  to  those  presented  by  others  authors  for  other  spinel  ferrites 
and  VOCs  [12,13],  The  £app  values  fall  within  the  commonly  range  of 
50-95  KJ/mol  and  this  suggests  that  the  mechanism  of  the  catalytic 
reaction  did  not  change  for  Nio.5Coo.5ScxFe2_x04  catalysts  with  dif¬ 
ferent  Fe  content.  The  difference  in  the  catalytic  activity  may  result 
from  a  variation  in  the  number  of  active  sites  or  the  amount  of 

Table  3 

Gas  conversion  at  400  C,  apparent  activation  energies  (Eapp)  and  reaction 
rate  at  200  ”C  for  catalytic  combustion  of  propane,  acetone  and  benzene  over 
Nio.sCon  sSc^Fe^  x04  catalysts. 


Gas 

X 

Gas 

conversion! 

(%) 

Activation 

energy 

(KJ/mol) 

Reaction  rate 
(ixmols-1  m~2) 

0.00 

86.3 

81.7 

4.57 

X  10-2 

Propane 

0.05 

85.4 

76.6 

4.63 

x  10-2 

0.10 

87.5 

64.7 

4.66 

x  10-2 

0.20 

90.5 

50.0 

5.53 

xlO-2 

0.00 

87.3 

80.0 

1.35 

X  10-2 

0.05 

88.7 

72.1 

2.18 

X  10-2 

Acetone 

0.10 

90/0 

64.4 

0.20 

92.3 

53.1 

3.87 

xlO-2 

0.00 

37.2 

95.5 

0.84 

xlO-2 

0.05 

40.0 

80.2 

1.36 

xlO-2 

Benzene 

0.10 

44.0 

74.4 

1.76 

x  10-2 

0.20 

51.0 

69.1 

2.42 

X  10-2 
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Fig.  3.  Temperature  dependence  of  propane,  acetone  and  benzene  conversion  over 
Nio.5Coo.5ScxFe2-x04  ferrite  catalysts. 


Fig.  4.  Effect  of  Sc  content  (x)  in  Nio.5Coo.5ScxFe2_x04  ferrite  catalysts  on  the  con¬ 
version  at  300  °C  for  propane,  acetone  and  benzene  combustion. 


Scandium  content  [x] 

Fig.  5.  Effect  of  Sc  content  (x)  in  Nio.5Coo.sScxFe2-x04  ferrite  catalysts  on  T50  tem¬ 
perature  required  for  50%  conversion  of  propane,  acetone  and  benzene. 

surface  active  oxygen  species  involved  in  the  oxidation  reaction  of 
gases  over  oxide  compounds.  The  reaction  rate  normalized  to  spe¬ 
cific  surface  area  can  characterize  the  specific  catalytic  activity  of 
the  catalysts.  A  catalyst  is  more  active  with  higher  reaction  rates. 
The  reaction  rates  per  square  meter  of  catalyst  are  given  to  better 
ascertain  the  potentiality  of  the  catalysts  compared  in  this  work. 
Table  3  shows  that  the  reaction  rate  substantially  changes  from 
0.84  x  10~2  p.mols-1  m”2  to  5.50  x  10-2  p.mols^1  m~2  in  terms  of 
catalyst  composition  or  gas  type.  The  effect  of  Sc  doping  on  the 
reaction  rate  and  implicitly,  on  the  catalytic  activity  of  the  Ni-Co 
ferrite  catalyst,  is  apparent.  The  highest  value  of  the  reaction  rate 
(5.50  x  10~2  |xmol  s_1  m~2)  was  obtained  for  propane  combustion 
over  the  Nio.5Coo.5Sco.2FeT.gO4  catalyst  composition,  which  proved 
the  best  catalytic  activity  in  the  propane  combustion  (90%  con¬ 
version  degree  at  400  °C).  The  lowest  value  of  the  reaction  rate 
(0.84  x  10~2  p,mol  s_1  m~2)  was  obtained  for  benzene  combustion 
over  the  Sc-free  (x  =  0)  Ni-Co  ferrite  catalyst.  This  Sc-free  catalyst 
proved  the  worst  catalytic  activity  in  the  benzene  conversion  (65% 
conversion  degree  at  550  °C)  as  can  be  seen  in  Fig.  3. 

The  data  obtained  by  us  allowed  to  conclude  that  the  partial  Sc 
substitution  for  iron  in  Nio.5Coo.sFe204  has  a  promotion  effect  on 
the  catalytic  activity  of  these  oxide  compounds  within  the  temper¬ 
ature  range  explored. 

In  the  present  study,  the  better  catalyst  performance  of  Sc 
containing  Ni-Co  ferrites  compared  to  pure  Ni-Co  ferrite  may 
be  attributed  to  smaller  crystallite  size,  larger  surface  area  and 
the  presence  of  Sc  cations  in  the  cubic  spinel  structure  of  fer¬ 
rite.  The  increase  of  the  specific  surface  area  by  Sc  incorporation 
implies  more  interactions  between  catalyst  surface  and  test  gases, 
promoting  the  gas  oxidation  at  lower  temperatures.  The  partial 
replacement  of  iron  by  scandium  on  octahedral  sites  of  the  spinel 


Fig.  6.  Time  evolution  of  propane  conversion  over  Nio.5Coo.5Sco.2Fe1 804  catalyst 
(2%.  propane  in  air,  0.5  g  catalyst)  at  350  °C. 
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structure  can  generate,  due  to  the  large  difference  between  their 
ionic  radii,  during  the  heat  treatment  at  900  °C,  structural  defects 
in  the  form  of  vacancies  which  play  a  favorable  role  in  the  oxidation 
process  of  gases.  More  oxygen  vacancies  will  involve  a  larger  den¬ 
sity  of  active  oxygen  species  adsorbed  on  ferrite  surface.  Although 
the  mechanism  of  complete  gas  oxidation  over  metal  oxide  com¬ 
pounds  is  not  known  accurately,  the  interaction  of  surface  active 
oxygen  species  with  reactants  (“suprafacial  mechanism”)  is  widely 
accepted  to  explain  VOCs  full  oxidation  over  oxide  catalysts  for 
T<400°C  [37,38],  The  larger  the  number  of  oxygen  ions  adsorbed, 
the  faster  would  be  the  oxidation  of  gases.  In  addition,  the  oxygen 
vacancies  facilitate  the  mobility  of  the  lattice  oxygen  from  bulk 
to  surface  (via  oxygen  vacancy  mechanism  [39])  and  the  ferrite 
catalyst  will  be  more  active  for  oxidation  reactions  of  gases  [40], 

The  results  underline  the  need  of  further  investigations  to  clarify 
the  role  of  Sc3+  ion  on  the  catalytic  performance  of  Ni-Co  ferrites 
in  the  catalytic  combustion  of  VOCs. 

4.  Conclusions 

In  this  work,  the  combined  sol-gel  and  self-combustion  method 
has  been  employed  to  prepare  Nio.5Coo.5ScxFe2_x04  (x  =  0,  0.05, 0.1 
and  0.2)  ferrospinels  for  catalytic  applications.  It  is  a  fast  and  inex¬ 
pensive  method  and  the  obtained  products  were  monophasic  and 
presented  nanosized  crystallinity  (35-42  nm). 

All  samples  have  been  tested  in  the  catalytic  flameless  combus¬ 
tion  of  acetone,  propane  and  benzene  to  estimate  the  effect  of  Sc 
ions  on  the  catalytic  activity  of  Ni0.5Coo.5Fe204  ferrite. 

The  results  revealed  that  the  partial  substitution  of  Fe3+  by  Sc3+ 
ions  on  the  octahedral  sites  in  spinel  structure  of  Nio.5Coo.5Fe204 
ferrite  has  a  favorable  effect  on  the  catalytic  activity  of  this  ferrite. 
The  Nio.5Coo.5Sco.2Fe1.gO4  ferrite  composition  was  found  to  be  the 
most  active  catalyst  and  can  be  a  good  candidate  for  catalytic  com¬ 
bustion  of  propane  or  acetone  at  moderate  temperatures.  Over  this 
catalyst  the  conversion  degree  of  acetone  or  propane  can  exceed 
90%  at  400  °C.  The  improved  catalytic  activity  of  the  Sc  doped 
Ni-Co  ferrites  compared  to  pure  Ni-Co  ferrite  may  be  ascribed  to 
smaller  crystallite  sizes  (35-39  nm),  larger  specific  surface  areas 
(29-32  m2/g)  and  the  presence  of  Sc  cations  in  the  octahedral  sites 
of  spinel  structure  of  the  ferrite. 
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